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Abstract—This work is aimed to compare the performance 

of toroidal inductors and planar spiral inductors in multi-
layered technologies. Toroidal inductors are investigated 
theoretically, and closed formula is derived for the 
inductance as a function of geometrical parameters. The 
obtained model is validated by experimental results and EM 
simulation. From the comparison of the inductance of 
toroidal inductors and compact spiral inductors, a selection 
rule is proposed to choose the most suitable topology that 
leads to the most compact design. 

  
Index Terms—Inductance calculation, Inductor design, 

Toroidal inductor, Inductor selecting rule. 

I. INTRODUCTION 

Toroidal inductors and transformers in discrete form are 
widely used in low frequency power electronics 
applications. One prime example of such applications is 
power conversion. An increase in switching frequency 
allows greater compactness and also yields better 
performance in power converters [1], [2]. Increasing 
switching frequency means less demand for energy 
storage and consequently smaller values of the passive 
components. However, it is not clear how the size of 
passive components scales down with increasing 
frequency, without degrading their overall performance.  

In the RF band of the electromagnetic spectrum, planar 
spiral inductors have been widely used in the design of 
radio frequency integrated circuits (RFICs) intended to 
work in the GHz range and beyond [3], [4]. The main 
concern when using these passive components is area 
consumption. Scaling-down frequency means the need of 
higher values of inductance that can only be achieved by 
increasing the number of turns of the coils. This leads to 
an increase in losses and area, which makes their use less 
attractive.  

According to this, at intermediate frequencies that are 
likely to become relevant for future power switching 
applications based on novel GaN power transistors, it is 
not clear which of these inductor designs, toroidal or 
planar spiral, is preferable. These intermediate frequencies 
would roughly correspond to very high frequency (VHF) 
band from tens of MHz to few hundreds of MHz 
However, there are not yet clear criteria on what inductor 
topology to choose for a given application. Contributing to 

the establishment of such criteria is the main objective of 
this work. 

In Section II a model for multilayered toroidal inductors 
is presented and validated by experimental data and 
simulation results. Section III presents the results of the 
comparison of toroidal and spiral inductors, in terms of 
achievable inductance. Inductor selection rule as a 
function of geometrical parameters is also presented and 
discussed in this section. Finally, Section IV concludes the 
paper. 

II. MULTILAYER TOROIDAL INDUCTOR MODELLING 

Fig. 1 shows an example of a toroidal inductor 
constructed using strips on the top and bottom surfaces of 
a multilayer substrate. Via holes through the substrate are 
used to close each turn. On the left side a via hole is 
removed to provide a feed point for current injection. 
Provided the number of turns is high enough (i.e. N>>1) 
the inductance of this toroid is given by [5], [6]: 

 = 	 	 ln 	+	 	  (1) 

 
Where, μ is the substrate permeability, N is the number 

of turns, h is the substrate thickness, a and b are the inner 
and outer radii, respectively, and  Lo, is the inductance of 
the spur-shaped loop that remains when the substrate 

 
 
 Fig. 1.  Schematic view of a toroidal Inductor in multilayer
technology 
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thickness h collapses to zero.  
Expression (1) can be rewritten in a more convenient 

way if we perform an in-depth analysis of the toroid 
geometry shown in Fig. 1. The most important parameter 
is the minimum distance between via holes, d. For 
instance, given a number of turns, N, and the inner radius 
a of the toroid it holds that: 
 2 	            (2) 

 
 By replacing (2) in (1) and using the ratio R=a/b, we 

finally obtain the following expression for the inductance: 
 = 	 	 	 ln +	          (3) 

 
Fig. 2. shows two examples of toroidal inductors. The 

first one on the left has been implemented using Low 
Temperature Co-fired Ceramics (LTCC) technology and 
the second on the right using Printed Circuit Board (PCB) 
technology. Fig. 3 shows the equivalent inductance and 
the quality factor of the LTCC inductor of Fig. 2 Thin red 
line corresponds to raw data before de-embedding the 
SMA connector and pad effects from the S parameter 
measurements. Thick black line corresponds to data after 
de-embedding. In Fig. 4 the DC limit of the equivalent 
inductance of a set of PCB toroidal inductors is plotted as 
a function of the number of turns. In all cases, the external 
radius is b=4.7 mm, the minimum distance between via 
holes is d=0.6 mm, and the metal strip width is w=0.45 
mm. Data obtained from experimental measurements are 
plotted using solid symbols. Outlined symbols are used for 
data obtained from Momentum electromagnetic 
simulations. Three substrate thicknesses with the are 
considered: h=1.57 mm, h=0.83 mm and h≈0. The last 
case emulates the substrate collapsing to zero thickness 
with the top and bottom metal strips of the toroids having 
merged together on the top surface. Accordingly, the 
obtained values of the inductance when h≈0 correspond to, 
Lo. Finally, Fig. 5 shows the corrected values of the DC 
limit of the equivalent inductance by subtracting Lo.  
Experimental data and simulation results are compared 

with the prediction of the model derived from (3). It is 
important to remark the good agreement between data and 
theory, particularly since there are no fitting parameters.  

We can observe a maximum of the corrected equivalent 
inductance of the toroidal inductor that according to (3) is 
equal to:   = 	 	 	              (4) 

 
where, e, is Euler’s number. The inductance maximum is 
achieved for an optimum value of the ratio, R, given by: 
 =		 √ = 0.6065…    (5) 

 

 
Fig. 2. Implementation of toroidal Inductors in multilayer
technologies. On the left using LTCC technology. On the right 
using standard PCB technology.  

 
Fig. 3. Equivalent Inductance and Quality Factor as a function
of frequency for a LTCC toroidal inductor, thin red line
corresponds to raw data before de-embedding of SMA
connector and pad effects from the measured S parameters.
Thick black line corresponds to data after de-embedding. 

 
Fig. 4. Plot of the DC limit of the equivalent inductance of PCB
single toroidal inductors as a function of the number of turns.
Solid symbols correspond to experimental measurements.
Outlined symbols correspond to simulation results. 
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According to (5), for a given size (i.e. volume) of the 
toroidal inductor, the equivalent inductance achieves its 
maximum value when the inner radius, a, is about 60-61% 
of the external radius, b, regardless of the number of turns 
or metal strip width.  

III. TOROIDAL VS. SPIRAL INDUCTORS 

To point out the advantages of using multilayer toroidal 
inductors it is mandatory to compare their performance 
with that of planar spiral inductors. Planar spiral inductors 
of different shapes (i.e. circular, octagonal, or square) 
have been used for decades in integrated and/or multilayer 
technologies [3], [4]. There is a vast literature available 
concerning the modelling of planar spiral inductors, 
including measurement fitting modelling, numerical 
simulations, and closed analytical formulae [7]. For our 
comparison with toroidal inductors we are going to use a 
proposed closed formula for planar spiral inductors that 
has been shown be rather accurate [8]. According to this 
work the inductance of compact planar spirals of circular 
shape can be written as: = 	 	     (6) 

where k=0.55.  
For comparison purposes, to derive (6) from the 

original formula in [7] we have assumed that the inner 
radius of the spiral is zero (i.e. compact inductor). 
Moreover, the strip with of the coil is that of the toroidal 
inductor and the pitch between turns is equal to the 
minimum distance between via holes, d, in the toroidal 
design. 

A set of compact spiral inductors of different sizes has 
been designed and fabricated using PCB technology. This 
set has been compared with other set of toroidal inductors 
having similar sizes and the optimum ratio, Ropt, so that 
the DC equivalent inductance reaches its maximum. Fig. 6. 
shows some of the fabricated devices. 

In Fig. 7 the DC equivalent inductance is plotted against 
the external radius b for circular spiral and optimum 
toroidal inductors. A good agreement is observed between 

 
 
Fig. 5. Corrected values of the DC equivalent inductance of
PCB toroids after removal of the spur-shape loop inductance,
Lo. Solid symbols correspond to experimental measurements.
Outlined symbols correspond to simulation results. Circles and
triangles are the results for  substrate thicknesses, h=1.57 mm,
and, h=0.83 mm, respectively. Dashed lines are the theoretical
curves derived from (3).  
 

 
Fig. 6. PCB inductors used for the comparison of spiral and
toroid geometries. In the first row they are compact spiral
inductors of different sizes. In the second row some optimum
toroidal inductors are shown. 
 

 
Fig. 7. DC equivalent inductance of PCB inductors as a
function of the external radius, b. Solid symbols correspond to
experimental measurements. Outlined symbols correspond to
simulation results. Circles are spiral inductor results. Squares
correspond to optimum toroidal results corrected from, Lo.
Dashed curve is the theoretical dependence derived from (4).
Continuous curve corresponds to the closed formula for
compact circular spiral inductors in (6). 
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experiments, simulations and theory. As expected, we can 
clearly see a different behavior for both inductor 
topologies. Spiral inductors show a stronger dependence 
on b than toroidal inductors. We can observe a cross point 
for an external radius b≈3.3 mm. Below this value the 
equivalent inductance of a toroidal inductor is bigger than 
that of a compact spiral of the same size, and viceversa. 

In the general case, by dividing (6) over (4) we can 
obtain the ratio between the inductances of circular spiral 
inductor and optimum toroidal inductor corrected from, 
Lo, which is given by: =	 		             (7) 

 
According to (7) the inductance ratio is proportional to 

the geometrical aspect ratio, b/h. The proportionality 
constant is ke/π=0.476. Fig. 8 shows the experimental 
inductance ratio as a function of the aspect ratio b/h. To 
obtain the inductance ratios at the same value of b/h, data 
corresponding to the spiral inductors have been fitted with 
a third order polynomial and then interpolated. In the same 
figure, the lineal theoretical dependence derived from (7) 
is also shown. A very good agreement is observed 
between measurements, and theory. We can observe that 
there is a threshold value of the ratio b/h equal to about 2.1 
(i.e. the inverse of the proportionality constant in (7)) that 
defines a selection rule. Below this value the inductor 
topology of choice to achieve the highest inductance 
density is the toroid. Conversely, above the threshold 
spirals outperform toroidal counterparts.  

IV. CONCLUSION 

In this work a model of embedded toroidal inductors in 
multilayered technologies is proposed and validated by 
experimental data and simulation results. Moreover, it has 
been demonstrated that the geometry of the toroid can be 
optimized to improve the maximum achievable inductance. 
The comparison in terms of achievable inductance of 
planar spiral inductors and toroidal inductors reveals that 
the key parameter is the aspect ratio, b/h. An inductor 
selection rule has been derived and experimentally 
validated to obtain the optimum designs that maximizes 
the inductance density. As far as we know this is the first 
proposed procedure to decide whether to use planar spiral 
or toroidal inductor geometry, for a given requirement of 
inductance value and fabrication technology. 
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Fig. 8. DC equivalent inductance ratio of PCB inductors as a
function of the inductor aspect ratio, b/h. Squares correspond
experimental data. Continuous line corresponds to the lineal
behavior derived from (7).  
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